We have developed a simple and sensitive system for detecting AGG trinucleotide repeats through the formation of intermolecular G-quadruplexes using a fluorescent oligonucleotide. The fluorescence signal increased rapidly and dramatically by 44.7-fold with respect to the low background signal in the presence of RNA agg repeats and by 35.0-fold in the presence of DNA AGG repeats.
repeats (TNRs) based on AGG units can form ordered atypical G-quadruplex structures consisting of hexad or heptad planes as well as G-tetrads. 3, 4 AGG trinucleotide repeats are located in biologically important regions in genes. The RNA agg repeats are represented at high frequency in the exonic sequence in human transcripts. They are stabilized on the mRNA and decreased gene expression because of pausing of the ribosomes during translation. 1 RNA r(agg) 4 sequences have been reported to form an intramolecular parallel G-quadruplex from one G-tetrad and one hexad plane (Fig. 1A) . 1 DNA AGG repeats can form a similar G-quadruplex structure to that of RNA agg repeats, including a G-tetrad and a heptad plane (Fig. 1B) . 4 DNA AGG repeats are abundant in gene regulatory regions known to modulate gene expression at the transcription level (e.g., the gene promoter region). 5 AGG repeats are found most notably in the human c-myb proto-oncogene region. The c-myb gene is overexpressed in many leukemias and tumor cells and is a potential therapeutic target. 6, 7 An antisense oligonucleotide of the c-myb gene and c-myb mutants disrupts gene function; its use can, therefore, be a therapeutically effective strategy.
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The Myc-associated zinc finger protein (MAZ) can bind to the c-myb G-quadruplex and restrict the c-myb promoter activity. 5 Furthermore, the G-quadruplexes formed in c-myb repeats also play critical roles in regulating gene expression. 8 The Yuan group used a flexible cyclic polyamide and electrospray ionization mass spectroscopy (ESI-MS) to probe the G-quadruplex formed from the c-myb oncogene promoter. 9 These results suggested that induced formation of G-quadruplexes and their detection have the potential to modulate c-myb gene expression. Although AGG repeats have biological significance, no fluorescence-based methods have been developed previously to probe them in genes. Therefore, employing G-quadruplex formation as a means for the detection of both RNA agg and DNA AGG repeats using highly discriminating fluorescent probes remains a challenge. In a previous study, metal complexes were found to bind the G-quadruplex structures and produce enhanced fluorescence signals. 10 We also developed a system to monitor the formation of a (3+1) intermolecular G-quadruplex and to detect G-quadruplex-forming sequences through fluorescence enhancement. 11 Inspired by a probing system based on competition between two interstrand G-quadruplexes, here we report a fluorescence probe for the AGG repeats, which can form a very stable intermolecular G-quadruplex including hexad and heptad planes as well as a G-tetrad plane. This system has three properties that facilitate the recognition of the AGG repeats. First, the background signal has a very low intensity when 5-
in the absence of the target sequence. 11, 12 Second, the system exhibits dramatic discrimination, with strong fluorescence intensity response only to the formation of an intermolecular G-quadruplex with the AGG repeats, especially RNA agg repeats, even though other XGG (X = T, DNA C, RNA C, U) repeats might also possibly form a G-quadruplex. Third, the probe rapidly folds into a stable parallel intermolecular G-quadruplex and the fluorescence intensity also rapidly increases in the presence of the target sequences. Accordingly, induced G-quadruplex formation between the probe and AGG repeats appears to be a simple, selective, and sensitive method for the detection of AGG repeats, and is a particularly distinguished method for probing trinucleotide repeats (Fig. 1C) . First, we designed tetramolecular G-quadruplex structures having py U in their sequences. G-Rich oligodeoxynucleotides (ODNs) containing pyrene units at their 5 0 -ends are assembled together to form a stable G-quadruplex with quenched fluorescence intensity as a result of p-stacking and hydrophobic interactions.
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A fluorophore conjugated with deoxyribose can induce a stable G-quadruplex by stacking on the terminal G-tetrad; addition of a T unit at the opposite end of the G-rich sequence also greatly improves the stability of the G-quadruplex. [14] [15] [16] [17] We synthesized four ODNs (PYG2-PYG5) incorporating Py U units and possessing G sequences of various lengths (Table 1) . We used MALDI-TOF mass spectroscopy to confirm the structures of PYG2-PYG5 oligonucleotides. PYG2-PYG5 exhibited fluorescence quenching in the presence of KCl as a result of the formation of parallel tetramolecular G-quadruplexes ( Fig. 2 and Fig. S1 , ESI †). The fluorescence emission intensity was lower than that obtained previously using Bod U. 11 We presume that the fluorescence quenching of PYG2-PYG5 resulted from hydrophobic interactions of their pyrene units that stabilized their assemblies. The formation of secondary structures from PYG2-PYG5 in the presence of KCl resulted in red-shifts in the UV-Vis spectra in the pyrene absorption region (Fig. S2 , ESI †). 13 Next, we measured the fluorescence emission of PYG2-PYG5 to evaluate their potential for use in the sensing of AGG repeats through the formation of intermolecular G-quadruplexes in the presence of added K + ions. All samples were annealed prior to measurement. When PYG2-PYG5 interacted with RA3A, the RNA target sequence, we observed very strong fluorescence enhancements: 44.7-, 20.5-, 8.6-, and 5.5-fold increases in fluorescence, respectively. In the presence of DA3A as the DNA target sequence, PYG2-PYG5 also exhibited large increases in fluorescence: 35.0-, 6.9-, 2.3-, and 1.5-fold, respectively ( Fig. 2A and Fig. S1 , ESI †). The fluorescence intensity of PYG2, which provided the largest increases in fluorescence intensity for both targets, did not change in the absence of KCl (Fig. S3 , ESI †). As expected, the fluorescence of PYG2-PYG5 recovered upon formation of secondary structures with the target sequences. The UV absorbance wavelength of PYG2 shifted in the pyrene region upon addition of the target sequences (Fig. S4 , ESI †). Notably, both PYG4 and PYG5 preferred to form a tetramolecular G-quadruplex in competition with the fluorescent (3+1) intermolecular G-quadruplex. It is known that longer G-rich sequences can form secondary structures with higher thermal stability and more rapid association; the addition of other bases at the 5 0 or 3 0 end can also increase the thermal stability of the G-quadruplexes. 14, 17 The ODN featuring a pyrene unit as well as a consecutive G-rich sequence forms a stable G-quadruplex even in the absence of K + ions and does not dissociate upon increasing the temperature. 13, 15 In the presence of KCl, PYG3 forms a parallel G-quadruplex structure that is stable at room temperature, but dissociates at a temperature lower than that of the PYG4 and PYG5 sequences. PYG3 participates in the competition between the tetramolecular G-quadruplex and the (3+1) intermolecular G-quadruplex in the presence of G-rich target sequences. 11, 15 Nevertheless, the increases of fluorescence intensity with PYG3 were lower than those with PYG2 in the presence of AGG repeats. For both DA3A and RA3A, probe PYG2-featuring two G units, two T units, and a py U unit at the 5 0 -end-exhibited the highest efficiency, in terms of its good brightness and fluorescence enhancement. Remarkably, this enhancement in fluorescence was visible to the naked eye (Fig. 2B) . PYG2 also exhibited strong fluorescence intensity enhancements at 20 1C after 80 min: 29.1-fold upon addition of single-stranded DA3A, and 31.4-fold upon addition of single-stranded RA3A without annealing ( Fig. 2C and D) . Here, the fluorescence intensity in the presence of DA3A almost reached the maximum fluorescence intensity of DA3A and PYG2 after annealing. This result suggests that these products, (3+1) intermolecular G-quadruplexes, are thermodynamically favoured products ( Fig. 2C; Fig. S5 , ESI †). The fluorescence enhancement was also exhibited upon addition of single-stranded RA3A, with the maximum fluorescence intensity maintained after 20 min (Fig. 2D ). Because K + ions induce rapid formation of parallel G-quadruplexes, including hetero-quadruplexes, 17 ,18 the construction of intermolecular G-quadruplexes from PYG2 and target sequences also occurred with rapid responses and resulted in an enhanced fluorescence signal. The T m value of the (3+1) intermolecular G-quadruplexes with PYG2 and targets is higher than that of the secondary structure of PYG2 (Fig. S6, ESI †) . Accordingly, we speculated that PYG2 might be a suitable candidate for probing AGG repeats with a very low background signal. To examine the effect of the T units in PYG2 on the detection of the AGG repeats, we replaced it with A, C, and G units obtaining PYG2A, PYG2C and PYG2G, respectively. The fluorescence intensities of these sequences were all quenched well in the presence of KCl; they also provided distinguishable fluorescence emission intensities in the presence of DA3A and RA3A (Fig. S7, ESI †) . Nevertheless, the enhancements in their fluorescence intensity were lower than those of PYG2 in the presence of the target AGG repeats. We suspect that an interaction between the T unit of the PYG2 probe and the A unit of the AGG repeat sequence stabilized the secondary structure and was responsible for this difference in fluorescence intensity. We investigated the structure of PYG2 through circular dichroism (CD) spectroscopy in the absence and presence of KCl. Although PYG2 displayed quenched fluorescence intensity in both cases, the CD spectra featured different patterns. Probe PYG2 formed the secondary structure in the presence of KCl (Fig. S8, ESI †) . The CD spectrum of DA3A revealed that the peak near 260 nm increased while that near 240 nm decreased in the presence of PYG2, exhibiting the typical pattern of a parallel G-quadruplex. These characteristic peaks also appeared for DA4 in its G-quadruplexes ( Fig. 3A; Fig. S9, ESI †) . 19, 20 The patterns of the CD bands were similar in the cases of the RNA agg repeats, but with some distinctions. The mixture of PYG2 and RA3A also exhibited bands of a parallel G-quadruplex at 260 and 240 nm. An additional positive band of low intensity appeared near 300 nm, attributed to a G-quadruplex dimer formed through hexad-hexad stacking. The spectrum of the intramolecular parallel G-quadruplex of RNA RA4 also featured these significant peaks ( Fig. 3B; Fig. S9 , ESI †). 21, 22 In the absence of KCl, the spectrum of the mixture of DA3A/PYG2 and RA3A/PYG2 did not feature any significant peaks (Fig. S9 , ESI †). In order to obtain the binding stoichiometry of PYG2 to DA3A and RA3A, the fluorescence Job plots were recorded. The inflection point in each graph is observed at PYG2 fractions of 0.53 and 0.51, which correspond to a 1:1 binding stoichiometry to DA3A and RA3A (Fig. S10 , ESI †). Taken together, it appeared that the AGG repeat sequences associated with PYG2 to form a bimolecular parallel G-quadruplex ( Fig. 3; Fig. S11 , ESI †). 23 Thus, we applied PYG2 to detect longer AGG repeats that could form intramolecular G-quadruplexes. We monitored the fluorescence changes of DA4 and RA4 in the presence of PYG2. Although these sequences themselves can form very stable G-quadruplexes, the presence of PYG2 increased the fluorescence as soon as it was added at the same concentration as the target sequences, without annealing; in addition, enhanced fluorescence occurred in the presence of the targets annealed with the probe (Fig. S12, ESI †) . The enhanced fluorescence intensity was less discriminated than those for the DA3A and RA3A sequences containing three repeat AGG units, because of greater competition between the formation of an intermolecular G-quadruplex and an intramolecular G-quadruplex.
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The CD spectrum of DA4 with PYG2 was similar to that of DA4 as parallel G-quadruplexes, and the CD spectrum of RA4 with PYG2 displayed comparable patterns with that of RA4. Therefore, PYG2 binds to DA4 and RA4 by forming intermolecular G-quadruplexes (Fig. S13, ESI †) . The fluorescence Job's plot suggested 1:1 binding stoichiometry in both PYG2/DA4 and PYG2/RA4 (Fig. S14, ESI †) .
To demonstrate the feasibility of using PYG2 as a probe for AGG repeats, we examined its response toward varying concentrations of the AGG repeat sequence. The fluorescence intensities of PYG2 were enhanced upon increasing the concentration of both targets DA4 and RA4. We also evaluated the sensitivity of PYG2 in terms of its detection threshold. When we annealed with the probe, the detection thresholds of DA3A and RA3A were 0.02 and 0.01 mM, respectively; the targets added to the probe without annealing exhibited detection thresholds of 0.05 and 0.01 mM, respectively (Fig. S15, ESI †) . As the length of the target is increased, the probe exhibited higher fluorescence intensity and a rapid response (Fig. S16 , ESI †). We also observed thermodynamic control in the system. Despite the high thermal stability of the AGG G-quadruplex, we monitored enhanced fluorescence intensity when we added PYG2 to the intramolecular G-quadruplex of both DA4 and RA4 (Fig. S17 , ESI †). Thus, the probe also shows fast response with the G-quadruplex of target sequences under thermodynamic control. Therefore, this system appeared to have the potential for use as a fast, simple, and sensitive method for the detection of G-quadruplexes as well as long sequences of AGG repeats. Based on these findings, we evaluate the selectivity of PYG2 for probing the AGG repeat sequences. We investigated the enhancements in its fluorescence intensity in the presence of RC3C, RU3U, DC3C and DT3T, which are trinucleotide repeats having the sequence (XGG) 3 X (X = C, U and T) (Fig. 4) . Although the CGG repeat has G dinucleotides, it forms a stable hairpin or coexists as a hairpin and a G-quadruplex in both DNA and RNA. 24, 25 Much like G-tetrads, the TGG and UGG repeats are known as tetramolecular G-quadruplex-forming sequences containing T-and U-tetrads, respectively. 1,26 PYG2 dramatically displayed enhanced fluorescence intensity for only the AGG repeats. The conformation and configuration of the G-quadruplex affected the interactions of PYG2 with the XGG trinucleotide sequences (Fig. S18 , ESI †). PYG2 also exhibited relatively low fluorescence emission with other G-quadruplex-forming sequences (Fig. S19, ESI †) . Thus, this strategy provided high selectivity toward the AGG repeats over other G-quadruplex-forming sequences, especially XGG repeats, based on the formation of the intermolecular G-quadruplex, distinguishing this method from those reported previously.
In conclusion, a 5-mer fluorescent oligonucleotide probe induces (3+1) intermolecular G-quadruplex formation allowing detection of AGG repeats from a very low background signal. Our tested strategy of probing AGG repeats based on a G-quadruplex structure is distinct from other systems for the detection of trinucleotide repeats. It provides highly selective, sensitive, and rapid recognition of both RNA agg repeats and DNA AGG repeats with exceptional fluorescence properties. Because PYG2 is a remarkable probe for the detection of AGG repeat sequences and induced formation of G-quadruplexes, it makes these AGG repeats a potential therapeutic target.
We thank the NRF project (2014R1A2A1A12067404 and 2015M3A9B8029067) for financial support. Fig. 4 Relative fluorescence responses of PYG2 in the presence of RA3A, DA3A, RC3C, DC3C, RU3U and DT3T (F R = (F I /F 0 ) Â 100; F R = relative fluorescence response (%), F 0 = fluorescence intensity of PYG2 with RA3A, F I = fluorescence emission intensity of PYG2 with the target, 1.5 mM PYG2; 10 mM Tris-HCl buffer, pH 7.2; 500 mM KCl; total volume of sample: 1 mL; excitation wavelength: 385 nm).
